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A B S T R A C T
TORCH is a novel time-of-flight detector that has been developed to provide charged-particle identificationbetween 2 and 10 GeV/c momentum. TORCH combines arrival times from multiple Cherenkov photons producedwithin a 10 mm-thick quartz radiator plate, to achieve a 15 ps time-of-flight resolution per incident particle.A customised Micro-Channel Plate photomultiplier tube (MCP-PMT) and associated readout system utilises aninnovative charge-sharing technique between adjacent pixels to obtain the necessary 70 ps time resolution ofeach Cherenkov photon. A five-year R&D programme has been undertaken, culminating in the constructionof a small-scale prototype TORCH module. In testbeams at CERN, this prototype operated successfully withcustomised electronics and readout system. A full analysis chain has been developed to reconstruct the dataand to calibrate the detector. Results are compared to those using a commercial Planacon MCP-PMT, and singlephoton resolutions approaching 80 ps have been achieved. The photon counting efficiency was found to be inreasonable agreement with a GEANT4 Monte Carlo simulation of the detector. The small-scale demonstrator is aprecursor to a full-scale TORCH module (with a radiator plate of 660 × 1250 × 10 mm3), which is currently underconstruction.
1. Introduction
TORCH (Time Of internally Reflected CHerenkov light) is a noveldetector [1,2], under development to provide time-of-flight (ToF) overa large-area, up to around 30 m2. The detector provides charged-particleidentification between 2 and 10 GeV/c momentum over a flight distanceof 10 m, and expands on the DIRC concept pioneered by the BaBar DIRC(Detection of Internally Reflected Cherenkov light) [3] and the Belle-II iTOP [4] collaborations. TORCH combines fast timing informationwith DIRC-type reconstruction, aiming to achieve a ToF resolution ofapproximately 10–15 ps per incident charged track. TORCH uses a thin10 mm quartz sheet as the radiator, utilising the fast signal from promptCherenkov radiation. Total internal reflection is used to propagate thephotons to the perimeter of the radiator, where they are focused onto an
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array of Micro-Channel Plate photomultiplier tube (MCP-PMT) photondetectors, which measure photon angles and arrival times.The time difference between a pion and kaon over a 10 m flightpath is 35 ps at 10 GeV/𝑐, therefore a per-track time resolution of 10–15 ps is necessary to achieve a three sigma pion/kaon separation. Thisleads to a required single-photon time resolution of 70 ps, given theexpectation of about 30 detected Cherenkov photons per individualtrack. To attain this level of performance, simulation has shown thata 1 mrad resolution is required on the measurement of the photon angle[1]. To meet this requirement, MCP-PMTs of 53 × 53 mm2 active areaand pixel granularity 128 × 8 are necessary. Such detectors have beencustom-developed for the TORCH application by an industrial partner,Photek Ltd.A five-year R&D programme has been undertaken, culminating in thedesign and construction of a small-scale prototype TORCH module. This
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Fig. 1. Schematic view of the TORCH radiator plate from the front (𝑥𝑦, left) and side (𝑦𝑧, right); the angles 𝜃𝑥 and 𝜃𝑧 are defined for a Cherenkov photon generated at an angle 𝜃𝐶 froma charged particle track [1].
module consists of a quartz plate of dimensions 120 mm width, 350 mmlength, and 10 mm thickness, read out by a single customised MCP-PMTof 32 × 32 pixels filling a 26.5 × 26.5 mm square, a quarter area of thefinal tube dimensions. The prototype was tested at the CERN ProtonSynchrotron in 2015 and 2016 in a 5 GeV/𝑐 pion/proton mixed beam,and the results compared to those measured with a commercial PlanaconMCP-PMT. As a result of the testbeam studies, the full functionality ofthe TORCH design and its timing properties have been verified.The small-scale demonstrator is a precursor to a full-scale TORCHmodule (660 × 1250 × 10 mm3), read out by ten MCP-PMTs, which iscurrently under construction. The TORCH detector has been proposedto complement the particle identification of the LHCb experiment atCERN for its future upgrade [5,6].In this paper, first an overview is given of the design of theTORCH detector and the principles of photon reconstruction. The opticalsystem, the MCP-PMT detectors and the electronics readout systemare described. The testbeam setup is then discussed, as well as theoperating configurations. The method of data analysis, the algorithmsfor reconstruction, pattern recognition and data calibration are detailed.The single-photon time resolution is presented and the photon detectionefficiency is compared to Monte Carlo expectations. Finally, a summaryand an overview of future work is given.
2. Design of TORCH
The TORCH detector concept involves precision timing of Cherenkovphotons that are emitted by a charged particle as it passes througha solid radiator. The chosen radiator material is synthetic fused silicadue to its suitable refractive index, good transmission, and radiationresistance. The radiator takes the form of a highly polished plate,with nominal thickness of 10 mm, chosen as a compromise betweenproviding sufficient yield of detected photons and limiting the materialbudget of the detector. A large fraction of the photons generated aretrapped within the plate by total internal reflection, and propagate tothe edges where they are detected with a focusing system equippedwith finely-pixellated fast photodetectors. These are located in the focalplane of the cylindrical focusing optics. After correcting for the time ofpropagation of each photon in the optical system, the photon providesa measurement of the time at which the particle crossed the plate. Bycombining the information from the different photons emitted by theparticle, a high precision measurement can be made of its arrival time.In order to achieve an overall resolution of 70 ps per photon, a timeresolution of 50 ps per photon from the photodetector (including theassociated readout electronics) is needed, with a similar precision fromthe reconstruction of the time of propagation. With 30 detected photonsfrom each charged particle, this would provide a timing resolution perparticle of 15 ps, assuming the individual photon measurements areindependent.
Provided that the impact point of the charged particle on the radiatoris known, the position of the detected photon along the coordinate 𝑥at the plate top or bottom surface (see Fig. 1) can provide a precisedetermination of the photon angle of propagation in the plate, 𝜃𝑥. Theangle of the photon in the second projection 𝜃𝑧 is determined using afocusing system [7], which takes the form of a block of synthetic fusedsilica with a cylindrical mirrored surface, shown in Fig. 2. This convertsthe photon angle 𝜃𝑧 into a position along the local 𝑦𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 axis, defined inFig. 2, which is hereon referred to as the vertical coordinate of the photondetector (i.e. the focussing coordinate). Similarly the local 𝑥𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟 axis,which lies also along the 𝑥 axis, is referred to as the horizontal (non-focussing) coordinate of the photon detector. Monte Carlo studies haveshown a precision of about 1 mrad is required on the angle of the photonin both 𝜃𝑥 and 𝜃𝑧 projections, to achieve the required resolution on thetime of propagation of the photon as it reflects within the plate [1].The largest commercially available size of MCP-PMTs with proventechnology, the Photonis Planacon, is 60 × 60 mm2 with an active areaof 53 × 53 mm2 [8]. The lower limit on 𝜃𝑧 of 0.45 rad is set by thelargest vertical track angle (about 250 mrad, for a 2.5 m high radiatorat 10 m distance) plus the largest Cherenkov angle for which lightcan be detected (about 900 mrad at 7 eV photon energy), generatedby a track which is undeviated from the interaction point. The upperlimit on 𝜃𝑧 of 0.85 rad is set by the smallest angle that will still givetotal internal reflection. In the vertical detector direction, dividing this400 mrad range into 128 pixels allows for the 1 mrad requirement on 𝜃𝑧to be achieved, given that the resolution of a pixel scales with the pixelsize as 1∕√12. In 𝜃𝑥, assuming the Cherenkov photons can propagate atleast 2 m after generation, the 1 mrad requirement is met by employing8 pixels per detector in the horizontal direction. This gives the finaldesign requirement on the effective pixel size to be 6.625 × 0.414 mm2.Fig. 3 shows an illustration of the photon path length calculation,by unfolding the multiple reflections the photon undergoes. The pathlength 𝐿 can be calculated by projecting the initial direction vector ofthe photon over the difference in height between track impact point andphoton detector, 𝐻 . 𝐿 is then given by the geometrical projection:
𝐿 =
√
𝐻2
cos2 𝜃𝑥
+ 𝐻
2
cos2 𝜃𝑧
−𝐻2 . (1)
Due to chromatic dispersion in the radiator, photons with differentenergies 𝐸 propagate at different speeds, which needs to be correctedfor. The speed is governed by the group refractive index 𝑛𝑔 , which canbe derived from the phase refractive index 𝑛𝑝 of the material:
𝑛𝑔 = 𝑛𝑝 + 𝐸
d𝑛𝑝
d𝐸
. (2)
The phase and group refractive indices for fused silica as a function ofphoton energy [9] are shown in Fig. 4.The measured Cherenkov emission angle 𝜃𝐶 is used to correct forchromatic dispersion. Given the track and photon unit direction vectors
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Fig. 2. Cross-section of the TORCH focusing block [7]; the right-hand side is a cylindricalmirror, and the paths of photons entering at the accepted range of angles are shown. Thevertical detector coordinate is oriented along the focal plane.
Fig. 3. Illustration of the photon path length calculation: the photon path is shown as theblue line within the radiator plate (shaded), which is unfolded into the green dashed line.(For interpretation of the references to colour in this figure legend, the reader is referredto the web version of this article.)
𝐯𝑡 and 𝐯𝑝:
𝐯𝑡 ⋅ 𝐯𝑝 = cos 𝜃𝐶 =
1
𝑛𝑝 𝛽
, (3)
which allows 𝑛𝑝 to be determined. Then the group refractive index 𝑛𝑔can be calculated using Eq. (2) and the known dispersion relations.This derivation of the refractive index also requires knowledge of 𝛽,the speed of the charged particle expressed as a fraction of the speed oflight. Assuming the particle momentum is measured, 𝛽 can be calculatedfor each particle mass in turn, and propagated through the subsequentanalysis, allowing the preferred mass hypothesis to be selected.There are several contributions to the path length of each photon thatneed to be taken into account, namely the effects of a bevel at the top ofthe radiator plate, the focusing block and the photon detector window.The bevel (visible in Fig. 2) is introduced to simplify the constructionof the focusing block, but also adds an ambiguity in the photon path,since light propagating towards negative 𝑧 at this point will undergo anextra reflection off the front surface of the radiator plate. In addition,for practical reasons it is not feasible to make the full TORCH detectorfrom a single radiator plate, and instead the detector will be subdividedinto modules in the 𝑥 direction. For a large plate, the mapping of theCherenkov cone through the optics gives rise to a roughly hyperbolicpattern of photon hits on the detectors but, when the plate is subdivided
Fig. 4. Phase and group refractive indices of synthetic fused silica as a function of photonenergy, as calculated from Ref. [9].
into modules, this pattern is folded on itself due to reflections at thevertical sides. This is illustrated in Fig. 5 (left), where the path of a singlephoton is shown schematically, reflecting twice off a vertical side: oncein the radiator plate and once in the focusing block. The folded patternat the photodetector plane is shown in Fig. 5 (right) for a module of66 cm wide with a radiator height of 2.5 m, which corresponds to thedimensions of a module in the final layout. The reflections at the modulesides introduce ambiguities in the reconstructed path length. Whilst fora sufficiently wide module there are several solutions for the path thatare consistent with a physical solution for the Cherenkov angle, theambiguities can be resolved in the reconstruction.The requirements for the optics, photon detector and readout elec-tronics are now discussed in turn.
2.1. Optics requirements
The yield of detected photons in the TORCH detector is limited by theoptical components in two ways: scattering from surface roughness andRayleigh scattering. Rayleigh scattering is a fundamental property thatcannot be avoided. A Rayleigh scattering length of 500 m is assumed atan energy of 2.805 eV [10], scaling with the photon energy as 𝐸4.In order to limit losses from surface roughness, it is required thatthe large flat plate surfaces are polished to a roughness of less than0.5 nm. Assuming this surface roughness, simulations show that about14% of the total number of photons that would otherwise propagateto the detector are lost [11]. If this parameter is relaxed to 1 nm, theexpected losses increase to about 32%.For manufacturing reasons the focusing optics and radiator plate areproduced independently, and need to be optically coupled. Candidateglues have been tested [7,12], including Epotek 301-2, Epotek 305 andPactan 8030. Epotek 301-2 was used in the BaBar DIRC [3] and wasfound to be mechanically strong, stable and radiation hard, with a well-known refractive index [13]. However, its transmission cuts off at aphoton energy of about 4 eV. Epotek 305 transmits up to about 5 eV, isappropriately radiation hard [14] but limited information is availableon its refractive index [15]. Pactan 8030 is a silicone-based adhesivewith even better transmission characteristics, up to 6 eV, although littleinformation is available on its other physical properties. Unlike the otherepoxy-based glues, Pactan 8030 allows for disassembly because it doesnot set rigidly. It is therefore suitable for the prototyping phase and hasbeen used here.A further loss of photons in the TORCH optics comes from imperfectreflectivity of the cylindrical mirrored surface of the focusing block. Thereflectivity of a representative aluminised sample has been measured,
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Fig. 5. (Left) Isometric view of a TORCH module of reduced size showing the path of a single photon propagating through the optics (red dashed line) and showing the definition ofhorizontal (𝑥𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟) and vertical direction (𝑦𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟); (Right) the folded pattern of photons expected to arrive at the photodetector plane for a full-sized TORCH module, derived fromGEANT simulation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 6. Reflectivity of the mirror surface of the focusing block as a function of photonenergy, measured on a 1 mm thick sample of Suprasil fused silica coated with ∼120 nmof aluminium, at an angle of incidence of 30 degrees. The measurement error is estimatedat 0.5% (absolute), indicated by the shaded band.
and is shown in Fig. 6. The reflectivity is typically above 85% for thephoton energy range of interest.
2.2. TORCH photodetectors
To meet the TORCH requirements, the photodetectors require avery good intrinsic time resolution (20–30 ps), low dark noise, spatialgranularity (at the anode), along with a high active to dead arearatio. Micro-Channel Plate photomultiplier (MCP-PMT) technology (forreview, see [16]) meets these requirements and has also been adoptedby other DIRC-type detectors [4,17]. The main drawbacks are therelatively low detection efficiency compared to alternative technologies,
a limitation on the lifetime, and the restricted granularity of commercialdevices.To address the issues of lifetime and granularity, a three-phaseR&D programme was instigated with an industrial partner, Photek Ltd.The first phase addressed the lifetime issues of the MCP-PMT on asmall, circular MCP-PMT device (25 mm diameter) [2]. The secondphase demonstrated the granularity required for TORCH, implementinga square pixellated anode in a circular MCP-PMT device (40 mmdiameter), which was used for the testbeam in 2015. The third phase5combines all requirements in a square 60 × 60 mm2 MCP-PMT witha sensitive area of 53 × 53 mm2. The testbeam programmes in 2015and 2016 considered both a Photek Phase-2 tube with an S20 multi-alkali photocathode and a commercially available tube from Photonis,the XP85122 [8] with a bi-alkali photocathode. Both these MCP-PMTsemploy micro-channel plates with a pore size of 10 μm.The Photek PMTs have a double set of MCPs in a ‘‘Chevron’’configuration. Photoelectrons can reflect off the front face of the firstMCP giving rise to secondary signals; typically referred to as backscatter-ing [18]. The signals from these photoelectrons are translated in spaceand arrive later in time, with the typical spread in translation and delayset by the distance between the photocathode and the first MCP.The photon counting efficiency of the photodetector is determinedby the collection efficiency and the quantum efficiency. The collectionefficiency, here estimated to be 65%, is defined as the ratio of gener-ated to detected photoelectrons after photon conversion. The quantumefficiency is the ratio of photons incident on the front face of thephotocathode and those that generate photoelectrons, and is highlydependent on the incident photon energy. The measured quantumefficiency of the two deployed phototube types is shown in Fig. 7.During the development programme it became apparent that, withthe 8 × 128 pixel requirement in a 53 × 53 mm2 active area, it wouldbe difficult to fit this number of pixels within the envelope of the
5 These final tubes were delivered in Summer 2017 and are currentlyundergoing tests.
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Fig. 7. Measured quantum efficiency for a representative Photek Phase-2 tube featuringa multi-alkali S20 photocathode and a Photonis Planacon (XP85122) featuring a bi-alkaliphotocathode.
detector in the vertical direction. This was solved by halving the numberof pixels to 64 and sharing the collected charge over multiple pixels.The electronics (further detailed in Section 2.3) perform a simultaneouscharge and timing measurement for the PMT signal, and this informationcan be used in a charge-weighting algorithm to achieve a resolutionsignificantly better than would be expected based on pixel size [19].To take advantage of the charge-sharing method, a novel technologywas developed, which combined aspects from direct and capacitivelycoupled readout of the Photek tube [19]. The readout pads are directlycoupled to electrodes buried beneath a thin dielectric layer. Theseelectrodes pick up the charge induced by the electron shower emanatingfrom the MCP stack and collected on the anode resistive layer. Varyingthe thickness of this resistive layer allows the degree of charge sharingbetween the pixels to be tuned.The size of the electron shower generated in the MCP-PMT isgoverned by the tube electrostatics, the layout of the MCP stack andthe gap from the rear of the MCP stack to the anode. From earliermeasurements of the Photek tube [11,12] it is known that the sizeof the avalanche generated by the MCP-PMT is large compared to anindividual pixel. Combined with the charge sharing between pixel padsit is expected that each single photon will have about 3–4 pixel hits. Forthe Phase-2 generation of MCP-PMTs, the MCP-anode gap is nominally4.5 mm, and the thickness of the dielectric layer burying the anodecontact pads is 0.5 mm.
2.3. TORCH electronics
The electronics readout system is a key component in achievingthe timing resolution required for the TORCH ToF measurement andhas gone through an extensive programme of development [20–22].The readout to digitise the signals from the MCP-PMT is based on theNINO [23] and the HPTDC [24] chip-sets, both employed by the ALICEexperiment. The NINO ASIC was originally developed as an 8-channeldevice, with the later 32-channel version [25] utilised for TORCH.A front-end PCB containing two NINO chips reads out 64 MCP-PMTchannels, which then connects into a second PCB containing two HPTDCchips, each of which operates as a 32-channel device with 97.7 ps timebinning. The NINO provides discrimination and amplification and takesas input a signal from the MCP-PMT and converts it into an LVDS outputpulse, the width of which is a measure of the amount of charge in thesignal. The HPTDC then digitises the LVDS pulse by time-stamping theleading and falling edges. This combination of ASICs gives rise to several
calibrations which need to be performed in order to reach optimaltiming performance:
• The charge-to-width calibration of the NINO;
• A time-walk correction of the NINO leading edge (since this is asingle-threshold discrimination device);
• An Integral Non-Linearity (INL) correction to the HPTDC, whichis a well documented feature [26].
These calibrations and their impact will be discussed in Section 5.
3. The TORCH prototype
A small-scale TORCH prototype has been constructed featuringoptical components of reduced size. Specialised mechanics have beenproduced for mounting the MCP-PMTs and the accompanying electron-ics. This prototype was constructed to demonstrate the feasibility of theTORCH concept and to determine the performance of the componentsused.
3.1. Prototype optics
The optical components of the TORCH prototype were producedfrom fused silica (specifically, Corning 7980) by Schott.6 These com-ponents followed the design outlined in Section 2, but with scaled-down dimensions: a radiator plate of 120 × 350×10 mm3 (width ×height × thickness) and focussing optics of matching width. The radiatorplate was polished to a surface roughness of about 1.5 nm. While thisis significantly less stringent than the requirement placed on the full-sized radiator plate (0.5 nm), the number of reflections that individualphotons undergo is reduced due to the smaller size of the radiator, hencethe requirement was relaxed on cost consideration. Photographs of bothcomponents are shown in Fig. 8.The focusing block was manufactured to focus 2 mm beyond the exitsurface onto the photocathode of the detector. The block was aluminised(see Fig. 6), and the quartz components glued together using Pactan-8030.
3.2. MCP-PMTs and electronics
Two independent detectors were used for the testbeam campaignsin 2015 and 2016: a single Photek Phase-2 MCP-PMT and a PhotonisPlanacon (model XP85122 [8]), respectively. The detector assembliescan be seen in their associated holding mechanics in Fig. 9. Both MCP-PMTs had their input windows spaced 0.5 mm distant from the focusingblock with an air gap in between.The Photek Phase-2 MCP-PMT has a 9 mm thick quartz entrancewindow. Whilst this is not ideal given the design of the focusing blockwhich was fabricated with the expectation of a thinner window, theadded distance can be corrected for in reconstruction. Additionally,there is a defocussing effect, which has been demonstrated to besmall [12]. Further effects found in the Phase-2 MCP-PMT were adegraded quantum efficiency and non-homogeneity in the connectionof the detector to the readout. Whilst these effects were detrimental tothe photon-counting performance of the tube, they were not ultimatelyproblematic for its operation.Both the Photek tube and the Photonis tube feature an array of32 × 32 pixels, the latter array contained within four times the areaof the former. In order to closely match the granularity requirement ofTORCH, pixels were electronically connected in the horizontal directionusing a mating board, in groups of eight for the Photek Phase-2 MCP-PMT and in groups of four for the Planacon, each group defining asingle readout channel. For the Planacon XP85122, some difficultieswere encountered in fabricating a connection between the MCP-PMT
6 SCHOTT Schweiz AG, St. Josefen-Strasse 20, 9001 St. Gallen, Switzerland.
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Fig. 8. Optical components procured from Schott for the TORCH testbeam prototype. (Left) The radiator plate of size 120 × 350 × 10 mm3 showing the bevelled edge, of which the acuteangle is 36◦. (Right) Matching focusing block of width 120 mm, with a cylindrical surface with focal length 260 mm, following the design shown in Fig. 2.
Fig. 9. Holding mechanics for the TORCH photodetector and electronics, incorporating (left) a Photek Phase-2 MCP-PMT and (right) a Photonis Planacon XP85122. The Photek tubefeatures a square pixellated readout area embedded within a larger circular area.
Table 1Characteristics of the MCP-PMTs employed in the 2015 and 2016 testbeams. The quantumefficiency curves are shown in Fig. 7.Testbeam period 2015 Testbeam period 2016
MCP-PMT employed Photek Phase-2 Photonis XP85122Number of pixels 4 × 32 8 × 32Pixel size 6.625 × 0.828 mm2 6.4 × 1.6 mm2Instrumented area 26.5 × 26.5 mm2 51.2 × 51.2 mm2Window material Quartz SapphireWindow thickness 9 mm 1 mmPhotocathode Multi-alkali (S20) Bi-alkaliWindow-MCP gap 0.2 mm 4.9 mmOperated gain 1,600,000 650,000
and the electronics. This meant that complete data were only obtainedfrom four out of the eight columns of pixels. The data analysis wastherefore restricted to this area. These are denoted columns 0–3 inincreasing x-coordinate.The relevant characteristics of the MCP-PMTs are shown in Table 1.
3.3. Mechanical structure
After gluing, the optical components were mounted in a rigidmechanical structure that allows rotation around the horizontal 𝑥-axis (perpendicular to the beam direction) to provide variation of theincident particle angle through the radiator. The structure was placedinside a light-tight box, which was then mounted on a translationtable, allowing free movement in both directions perpendicular to thebeam direction. A photograph of the holding mechanics, the optics, theMCP-PMT and the electronics is shown in Fig. 10. For the testbeamconfiguration, the full assembly was tilted at an angle of 5◦, with the
top face in the downstream direction, to improve light collection fromincident charged particles.
4. The TORCH testbeam configuration
Measurements were taken at the PS/T9 beam facility at CERN in2015 and 2016, to test the TORCH prototype with positively chargedparticles at a nominal momentum of 5 GeV/c. A trigger system and afacility to generate high-resolution reference times for the beam parti-cles were also deployed. Depending on the collimation and momentumsettings, the charged hadron beam is mostly populated with pions andprotons, with a small admixture of kaons (∼1%).Two timing stations were implemented in the testbeam configura-tion, located approximately 10 m upstream and 1 m downstream of theTORCH prototype. Each was constructed from a bare borosilicate bar(8 × 8 × 100 mm3) connected to a single channel MCP-PMT (PhotonisPP0365G) [27]. Each bar was placed in the beam at an angle closeto the relevant Cherenkov angle, such that part of the generated lightpropagated directly towards the MCP-PMT. The corresponding signalswere fed into constant fraction discriminators and transmitted viacoaxial cables to the TORCH readout electronics. This gave a unifieddataset incorporating both the signals from the TORCH prototype andthe two time reference stations.In the 2015 period, the trigger was formed by a pair of scintillatorsperpendicular to the beam, each with an area of 8 × 8 mm2, and eachconnected to a PMT (Hamamatsu R1635-02) by a Perspex light guide.A schematic overview of the arrangement is shown in Fig. 11. Thescintillators were located close to the time reference stations, ensuringincident particles passed through both borosilicate bars, and hencereducing the angular spread. However, it was found subsequently thatthere was a class of triggers for particles passing through the light
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Fig. 10. The TORCH prototype module with all components mounted. The radiator, focusing block and the holding mechanics (labelled MCP-PMT) for the photodetector and electronicscan be seen.
guide, deteriorating the achievable time resolution and beam definition.Hence, in the 2016 testbeam period, this was remedied by using twoscintillators in each station, with the scintillators and light guidesperpendicular to each other.The dual T1 and T2 time references provide redundancy of measure-ment and also allow for independent particle identification at relativelylow momentum. Propagating over 11 m distance at 5 GeV/c, the timeof flight difference between protons and pions is about 0.6 ns. Thetime of flight also allows determination of the momentum of the beamby measuring the average time of flight difference between pions andprotons.
5. Calibrations
To perform the data analysis, several calibrations have been in-corporated: the relation of the width of a signal measured with theNINO and HPTDC to its collected charge, the Integral Non-Linearity(INL) of the HPTDC, and the time-walk of the leading edge of theinput pulse due to amplitude variation. It was found during laboratorytesting that the behaviour of the NINO chip is strongly dependent onthe input capacitance, indicating that calibrations do not replicate fromone detector to another for the 2015 and 2016 datasets. The calibrationsperformed will therefore be described separately for the two detectorsused.
5.1. Photek Phase-2 MCP-PMT (2015)
The Photek Phase-2 detector was operated at an average gain of1.6 × 106 to ensure that the signals would be reliably detected by the
electronics. As outlined in Section 2.2, the shape of the avalanche at theanode is Gaussian, with a standard deviation of about 0.75 mm [11,12],meaning that each single photon cluster is expected to have 3–4 hits(giving a double pulse separation of around 4 mm).The position of each cluster is derived by charge-weighting theindividual pixels. Due to differences found in the input capacitancebetween the laboratory and testbeam setups, pre-calibrations could notbe used directly. The best available laboratory calibration was initiallyused, and the resulting charge recorded on each pixel was multiplied bya scaling factor to set the average observed charge to the same valuefor each channel. Based on the gain of the tube and knowledge of thecharge distribution, this value was set to 80 fC.The correction for INL is solely dependent on the HPTDC chips usedand is expected to remain constant over time [26]. The contributionto the time resolution from INL, for individual signals, can be as highas 100 ps. The correction can be calculated using a dataset with highstatistics. Unfortunately, the datasets available for the 2015 testbeamperiod were not large enough to perform this calibration reliably.Therefore correction for INL was only performed on the 2016 data.The most significant correction stems from time-walk. The TORCHelectronics discriminates signals of varying size using a fixed threshold.The effect of time-walk is directly correlated to the size of the signal;the smaller a signal, the longer it will take to cross the threshold,even up to a nanosecond. The correction for time-walk is made on aper-channel basis before the hits making up a cluster are combined.The assumption is that within a cluster, the time difference betweenhits is zero, since the individual signals represent various fractionsof the same avalanche. Since it is known that the time-walk onlyvaries with the amplitude of the input signal (here represented by the
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Fig. 11. Schematic overview of the beamline area showing the positioning of the timing stations T1 and T2 and the scintillators relative to the TORCH prototype.
Fig. 12. (Left) average time difference between hits associated to the same cluster for a single set of two next-to-nearest-neighbour channels, expressed as a function of the width ofthe signal in both channels (1 HPTDC bin = 97.7 ps). The correlation between the two is extracted and fitted. (Right) Histogram of the time difference observed between the same twonext-to-nearest neighbour channels, before (green) and after (blue) applying the computed time-walk correction. (For interpretation of the references to colour in this figure legend, thereader is referred to the web version of this article.)
signal width), the time difference between any pair of hits within acluster is a measure of the relative time-walk between two channels.For a given combination of two channels, the average relative time-walk can be computed as a function of the signal width measured inthose two channels. Parameterising this three-dimensional distributionthen allows a derivation of the shape of the time-walk distribution forindividual channels as a function of the width measured in that channel.The simplest choice is to derive the time-walk distributions fromneighbours in the finely-pixellated vertical direction, since these havethe largest chance of simultaneously being present in a cluster. However,in the case of the Photek Phase-2 MCP-PMT, the behaviour of therelative time difference is influenced by effects that derive from thecoupling board between the MCP-PMT and the electronics. It was foundduring laboratory testing that the input capacitance differs significantlybetween channels due to longer track-lengths and/or routing on dif-ferent layers. This implies that neighbouring pixels cannot be useddirectly to derive the time-walk correction since they show systemat-ically different behaviour. Because of the large average cluster-size (3–4 hits), the option is available to use next-to-nearest neighbours, whichelectronically have similar behaviour. For each pair of these, the relativetime difference distribution as a function of the width in both channelsis created and then fitted; the time-walk correction on an individualchannel is then derived from its correlation with the other channels. Byway of an example, the average time difference as a correlated quantitybetween hits in two next-to-nearest neighbours is shown in Fig. 12.Additionally, a histogram is shown of the time difference betweennext-to-nearest hits in clusters before and after applying the derivedcorrection, for a single next-to-nearest neighbouring pair.Since each channel has two next-to-nearest neighbours, the time-walk correction is improved further by averaging the fits from both
sides. Finally, static offsets between channels (for example, caused bydiffering track-lengths) are corrected for. These are found by takingthe mean average time offset between two channels after applying therelative time-walk correction.
5.2. Photonis Planacon MCP-PMT (2016)
The individual pixel pads for the Planacon are close to twice as largein the vertical direction compared to the Photek Phase-2 detector. Itis assumed the size of the avalanches from both detectors are similar,hence it is expected that each photon cluster recorded with the Planaconwill have 1–2 hits. With relatively small clusters, and a high contributionfrom single hit clusters, the added benefit from charge-weighting thepositions of the pixels in a cluster is not as significant as for the PhotekPhase-2. Hence for the 2016 dataset, the choice was made not to performcharge calibration, and for multi-hit clusters the position was simplyaveraged. The Planacon was operated at an average gain of 6.5 × 105.During the 2016 testbeam, a high statistics dataset was recorded andsubsequently used for deriving both the INL and time-walk corrections.In the construction of the mating board between the Planacon and theelectronics, special care was taken to make every channel as similar aspossible (in contrast to the Photek Phase-2 mating board). The time-walkcalibration was performed on neighbouring channels using the samemethod as described above.
6. Data analysis
For both the 2015 and 2016 datasets, the beam (as defined by thescintillator trigger) was focused very close to one of the vertical sidesof the radiator. This meant that the path of light reflecting off that side
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Fig. 13. Distribution of cluster sizes observed in the 2015 dataset (Photek Phase-2 MCP-PMT) for pixel columns 0 and 1. The large number of single hit clusters (relative to theexpected Poisson distribution) is attributed to hits not correctly associated to a cluster,and accordingly single-hit clusters are suppressed in further data analysis.
differed only minimally from the light propagating directly to the MCP-PMT. As such, the number of possibilities for paths taken by the photonsthrough the radiator reduces by a factor of two in this configuration. Inthe vertical direction, the beam was focused slightly below the centreof the radiator plate, at 6.4cm below (2015) and 3.6cm below (2016),respectively.
6.1. Clustering
The clustering algorithm associates hits within a vertical column ofpixels which are close in time and space. This is defined to be within2.5 HPTDC time bins (each 97.7 ps) after applying calibrations, andmissing at most a single pixel. The columns are numbered from zero,from negative to positive horizontal detector coordinate. Clustering isnot performed in the horizontal coarse pixel direction. In both the2015 and 2016 datasets, four columns of 32 pixels are analysed. Thedistribution of cluster sizes for two columns in the 2015 dataset forthe Photek Phase-2 MCP-PMT is shown in Fig. 13, and is expected tofollow a Poisson distribution. It can be seen that single-hit clusters aresignificantly enhanced. These are hits that have not been associatedto the correct cluster, are an incomplete cluster, or are simply noise,and are suppressed in further data analysis. In the 2016 dataset, thecluster size of the Planacon is on average about 1.3, and all clusters areaccepted.Two different methods for calculating the timestamp and positionof a cluster are used. For the 2015 dataset, the weighted charges fromindividual pixels are used to make the best possible position estimateof the true photon hit. The cluster time is further improved by charge-weighting the individual timestamps, to account for the poorer timeresolution of signals with lower charge. In the case of the 2016 dataset,the position and timestamps of the pixels are simply averaged. Clustercounting measurements will be discussed in Section 6.4.
6.2. Particle identification
The time of flight difference between the T1 and T2 stations mea-sured with the TORCH electronics for both the 2015 and 2016 dataare shown in Fig. 14, with the pion and proton peaks clearly seen. Theproton peak, in terms of the time T1 minus T2, arrives earlier than thepion peak. This is a consequence of a long cable for T1 and a shortcable for T2 effectively inverting the underlying distribution in time.The standard deviations of the fitted data are given in Table 2 anddemonstrate the combined quality of the time reference signals. It isexpected that there is also a small admixture of kaons (about ∼1%),
Table 2Standard deviations of fits to the data shown in Fig. 14.Proton peak Pion peak
2015 134.0 ± 0.9 ps 156.0 ± 0.9 ps2016 (before INL) 119 ± 1 ps 112 ± 1 ps2016 (after INL) 87 ± 1 ps 84.0 ± 0.7 ps
however this contribution cannot be distinguished in either case. Thefigures for 2016 show that the INL correction is performed to good effect,significantly reducing the time spread.In 2015, the time of flight difference measured between pions andprotons is 601 ± 2 ps, with the uncertainty derived from the error on themeans of the Gaussian fits to the data. From the time of flight difference,a momentum of 5.14 ± 0.01 GeV/c is calculated, deviating slightlyfrom the nominal beam settings (5 GeV/c). In 2016, the time of flightmeasured between pions and protons is 592 ± 2 ps, giving a momentumof 5.18 ± 0.01 GeV/c, again deviating slightly from nominal.
6.3. Timing performance
The position and timestamp for a given cluster are calculated afterapplying the calibrations to the data. The clusters are then separatedinto pion and proton contributions according to the T1–T2 time of flight(Fig. 14). The ambiguous regions between the proton and pion peaks(in 2015 set to 19.4–19.75 ns, in 2016 set to 29.8–30.1 ns) are removedfrom further analysis.The time relative to T1 and T2 as a function of measured vertical(finely-pixellated) position for clusters detected in column 0 of thePhotek MCP-PMT in the 2015 dataset is shown in Fig. 15. The expectedpatterns from simulation are overlaid. The pattern folding (see Section2) is clearly visible; multiple patterns are observed. The overlaid pat-terns appear in closely-spaced paired groups, both from the direct lightand from pattern folding off the vertical side close to where the chargedparticle beam impinges on the radiator. Comparing top and bottomplots, there is a shift in the position of the patterns between pions andprotons caused by the difference in the Cherenkov angles, expected tobe 14.4 mrad at 5.14 GeV/c (equivalent to a shift of 2.3 pixels). There isalso an observed deterioration visible in the timing resolution of the T1plots relative to the T2 plots; this is due to signal degradation over thelength of the cable transporting the T1 signal to the TORCH electronics.A slight discontinuity exists at the centre of each pixel column, whencomparing Fig. 15 (top, left) and (bottom, left). This position correlatesto the edge of two individual NINO chips; the discontinuity indicatesthat constructing the time walk correction across this boundary couldbe further optimised.Data taking was improved in several aspects in 2016. Firstly, thecharged particle beam was focused on a number of different positionson the radiator plate, allowing for alignment of the detector from data.Secondly, recording of a very large dataset allowed for improvementsof the calibration, especially the INL.Fig. 16 shows the MCP-PMT time measurement relative to T2,detected on column 1 of the Planacon, as a function of vertical positionfor selected pions. As in the 2015 testbeam period, the observed patternclosely agrees with Monte Carlo expectations. Comparing Figs. 15 and16, it should be remembered that the vertical pixel width of the Planaconis twice as large as that of the Photek Phase-2. Also the overall size ofthe Planacon detector is vertically twice as large.The prompt part of the pion signal relative to time reference stationT2 (Fig. 15 (top, left) and Fig. 16) is now used to benchmark the timingperformance. For this measurement the prompt part of the pattern isused, composed of light with either no reflection off the vertical side faceor with just a single reflection off the side close to where the chargedparticle beam traversed the radiator. Residuals of the measured timesrelative to the predicted curves are shown for two columns of the PhotekPhase-2 tube and the Planacon in Fig. 17. Table 3 lists the standard
264
N.H. Brook et al. Nuclear Inst. and Methods in Physics Research, A 908 (2018) 256–268
Fig. 14. Time difference measured between time reference stations T1 and T2 in 2015 (left) and in 2016 before (right, red) and after INL correction (right, blue), showing the protonpeak (left in both plots) and the pion peak (right in both plots). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Fig. 15. Data taken in 2015: detected vertical position versus timestamp for clusters detected in column 0, after selecting for pions (top) and protons (bottom), relative to timing signalT2 (left) and T1 (right). The overlaid lines represent the simulated patterns for direct light (red) and light undergoing a single (green), double (blue) or triple (black) reflection off thevertical side faces of the optics (see Fig. 5). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 16. Pion-selected data taken in 2016: detected vertical position versus timestampfor clusters detected in column 1 relative to time reference station T2. The overlaidlines represent the simulated patterns for direct light (red) and light undergoing a single(green), double (blue) or triple (black) reflection off the vertical sides of the optics. (Forinterpretation of the references to colour in this figure legend, the reader is referred to theweb version of this article.)
Table 3Standard deviation of Gaussian fits to the timing residuals for all columns, for 2015 and2016 datasets. 2015 2016
𝜎 of fit 𝜎 of fit
Column 0 110 ± 2 ps 124 ± 4 psColumn 1 120 ± 3 ps 94 ± 3 psColumn 2 137 ± 3 ps 103 ± 3 psColumn 3 111 ± 3 ps 99 ± 4 ps
deviations of Gaussian fits to these timing residuals, which is indicativeof the single-photon timing resolution achieved. Note that variation dueto smearing from the time reference station has not yet been correctedfor. The gap between the entrance window and the first micro-channelplate of the Photek Phase-2 MCP-PMT is small (0.2 mm), hence the tailat later times seen in Fig. 17 (left) cannot be attributed to backscattering.The most likely cause is a non-optimal time-walk correction. In the caseof the Planacon, the input gap is large (4.9 mm), which is expected todisplace the backscattering peak to about 0.5–1 ns after the main peak.Hence the tail in Fig. 17 (right) is attributed to backscattering. Despitethe much coarser granularity of the Planacon, the timing performancehas been maintained in that particular TORCH configuration, mainlydue to improvements in the calibration techniques.To derive the intrinsic single-photon time resolution of TORCH, anestimate needs to be made of the time resolution of the time referencestations. As T1 and T2 have identical construction, it is assumed thatthe time resolution is the same, but that T1 suffers extra smearing fromthe long cable over which the signal is propagated. In 2015, insufficientdata were collected to perform this subtraction reliably. However in2016 data, the contribution from signal propagation can be factored out,and is found to be 56 ± 14 ps, where the error is statistical. From theINL-corrected pion distribution shown in Fig. 14 (right, blue) it is thenestimated that the intrinsic time resolution of a single time referencestation is 44 ± 9 ps. Subtracting in quadrature this contribution fromthe resolutions quoted in Table 3 gives a range of (83–115)±6 ps for thetime resolution of the TORCH prototype.
6.4. Photon counting
A photon counting efficiency measurement was performed only ondata from the Planacon MCP-PMT. A photocathode degradation issue
with the Photek Phase-2 MCP-PMT made the data for that tube lessreliable.The photon counting efficiency of the TORCH prototype is calculatedby comparing the number of photons detected per event to a GEANT4simulation [11,28]. The simulation accounts for losses due to Rayleighscattering, and a Lambertian model is used for losses due to microscopicsurface roughness of reflective faces. The simulation also accounts forFresnel reflections at the air gap between the exit surface of the focusingblock and the detector window. The resulting photon spectrum is thenmodified using the transmission curve of the glue used between theradiator plate and the focusing block, the reflectivity of the aluminiumsurface of the focusing block and the quantum efficiency of Planacon(see Figs. 6 and 7). To account for the collection efficiency of the tube,an efficiency of 65% was applied.The final applied efficiency factor derives from the threshold of theNINO chip. Two types of cluster inefficiency are considered: those forwhich the charge measured is so low that the signal does not exceed thethreshold, and those straddling the border between two pixels, dividingthe charge in such a way that neither meets the threshold. Measurementshad previously been performed at several NINO settings and the chargethreshold was found to be between 30–60 fC. Following estimates fromtestbeam data, it is assumed that an average threshold level of 42 fCis representative. Assuming a Gaussian distribution with representativeaverage gain and geometrical spread, it is then estimated that 12.7%of the total number of generated photoelectrons are lost on average. Tosimulate this loss, an additional random cut is placed on the number ofphotoelectrons.Detector patterns for 10k protons and 10k pions were generated,with the effects described above applied. To derive the average expectednumber of photons over all events, the pion and proton distributionswere weighted and combined according to their relative fractions fromthe integrals under the pion and proton distributions (see Fig. 14),namely 61 ± 3% pions and 39 ± 2% protons. The resulting yields fromdata and simulation are shown in Fig. 18.The mean number of photons expected from simulation is 4.89± 0.02,compared to 3.23 ± 0.01 observed in data (statistical errors only).Therefore, on average about 34% fewer photons are observed thanexpected, indicating that additional factors remain to be accounted for.This will be studied in future developments planned for the TORCHproject.
7. Summary and future plans
TORCH is a DIRC-type detector, designed to achieve high-precisiontime-of-flight over large areas. In order to provide a 𝐾 − 𝜋 separationup to 10 GeV/𝑐 momentum over a 10 m flight path, a ToF resolution of
∼15 ps is required. This translates to a per-photon resolution of 70 ps,given around 30 detected photons per track.A small-scale TORCH demonstrator, with a quartz plate of dimen-sions 120 × 350×10 mm3 has been constructed. The detector is read outby a single customised Photek MCP-PMT with 32 × 32 pixels containedwithin an area 26.5 × 26.5 mm2 square, and where a charge-divisiontechnique has been used to improve the spatial granularity. Testbeamresults are compared to those from a commercial 2-inch square Planacon32 × 32 pixellated MCP-PMT.The data analysis methods employ a data-driven approach to correctsimultaneously for time-walk, charge-to-width calibration, and inte-gral non-linearities of the electronics readout. Following significantimprovements to the triggering and calibration techniques, a range of(83–115)±6 ps is measured for the single-photon time resolution ofTORCH. Hence the single-photon timing performance is approaching therequired 70 ps per photon. The single-photon counting performance isaround 34% lower than expected from simulation. Improvements in theelectronics calibration techniques and threshold control are expected
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Fig. 17. Difference between observed and predicted times for two out of four columns deployed in 2015 (left) and in 2016 (right), for prompt photons from pions. The tail to the rightis attributed to non-optimal time-walk corrections (left) and backscattered photo-electrons (right).
Fig. 18. Measured photon counting statistics per event in 2016 testbeam data (red) andexpected from simulation (blue). (For interpretation of the references to colour in thisfigure legend, the reader is referred to the web version of this article.)
in the future. In conclusion, the testbeam measurements have demon-strated the principle of operation of TORCH, with a timing resolutionthat approaches the requirement for the final detector.The small-scale demonstrator is a precursor to a full-scale TORCHmodule (660 × 1250×10 mm3), which is currently under construction.The module will be equipped with ten full-sized 2-inch Photek Phase-3 64 × 64 pixel MCP-PMTs. The MCP-PMTs, optics and electronics toequip this module have been delivered and are currently under test. Allcomponents, including the mechanical structure and housings, will beready for testbeam operation in 2018.
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